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Basigin is a highly glycosylated transmembrane protein with two immunoglobulin-like domains. We generated mutant
mice lacking the basigin gene (Bsg) by gene targeting. Bsg (0/0) embryos developed normally during preimplantation
stages. However, the majority of Bsg (0/0) embryos died around the time of implantation. At this time, basigin mRNA
was strongly expressed in the trophectoderm, embryo proper, and uterine endometrium of Bsg (///) mice. These results
suggest that basigin is involved in intercellular recognition during implantation. Embryos which survived the critical
period yielded Bsg (0/0) mutant mice. Half of the mutant mice died before 1 month after birth, due to interstitial
pneumonia. The surviving adult mutant mice were small and sterile. Spermatogenesis was arrested in the mutant mice.
Most of the spermatocytes in the Bsg (0/0) mouse were arrested and degenerated at the metaphase of the ®rst meiosis,
and only a small number differentiated to step 1 spermatids. In the female mutants, the ovaries and genital tract were
morphologically normal, and the defect was probably in the capability of implantation of the uterus. In conclusion, basigin
is an important cell-surface molecule involved in early embryogenesis and reproduction. q 1998 Academic Press
INTRODUCTION (Ig1) superfamily, the cadherin superfamily, and the integrin
superfamily. The Ig superfamily consists of diverse mem-
Cell-surface proteins play important roles in development bers with different functions; e.g., NCAM, L1, myelin-asso-
by regulating cellular differentiation, adhesion, and migra-
tion (Gilbert, 1994; Muramatsu, 1990). Proteins involved 1 Abbreviations used: Bsg, basigin gene; DTA, diphtheria toxin
in cell-surface recognition frequently belong to a group of fragment A gene; ES, embryonic stem; Ig, immunoglobulin; LH,
luteinizing hormone; Mr , molecular weight; PBS, phosphate-buf-structurally related proteins such as the immunoglobulin
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homology with that of 129/SV mice, as con®rmed by Southern blotciated glycoprotein, major histocompatibility antigen class
analysis.I, and T cell receptors (Williams and Barclay, 1988).
Generation of targeted ES cells and mice. Twelve microgramsBasigin is a member of the Ig superfamily with two Ig
of linearized targeting construct DNA was electroporated into 8 1domains and is a highly glycosylated transmembrane pro-
106 D3 ES cells (Doetschman et al., 1985). The cells were plated ontein; the protein moiety has a Mr of 2.7 1 104, while the a feeder layer of mitomycin-C-treated SL-10 embryonic ®broblasts
glycosylated form is 4.4±6.6 1 104 (Miyauchi et al., 1990). (Kawase et al., 1994). After 24 h, selection with 250 mg/ml G 418
Basigin has been independently identi®ed by several groups was started, and after 7±8 days colonies were picked up, propagated,
and given other names: HT7 (Seulberger et al., 1990, 1992), and examined for homologous recombination by Southern blot
neurothelin (Schlosshauer and Herzog, 1990; Schlosshauer, analysis. Approximately 15 cells in which the targeting construct
1991), and 5A11 (Fadool et al., 1993) in the chicken; gp 42 had been integrated into the genome by homologous recombination
were injected into blastocysts derived from C57 BL/6J mice. The(Altruda et al., 1989) in the mouse; OX-47 (Fossum et al.,
injected embryos were transferred to the uteri of pseudopregnant1991) and CE9 (Nehme et al., 1993) in the rat; and M6
ICR mice. Male chimeric mice were mated with C57 BL/6J mice.(Kasinrerk et al., 1992) and EMMPRIN (Biswas et al., 1995)
F1 mice with the recombined genome were mated with each otherin man.
to yield null mutant mice. To obtain the mutant of 129 background,Two functions of basigin have been revealed as the result
chimeric mice were mated with 129/SV mice, and F1 progeny wereof careful cell biological studies. First, experiments using mated with each other.
an anti-basigin antibody (5A11) have shown that it is in- Polymerase chain reaction (PCR). One microgram of DNA in
volved in neuronal±glial cell interactions in retinal develop- 1 ml of H2O was mixed with 20 ml of 10 mM Tris±HCl buffer, pH
ment (Fadool et al., 1993). Second, basigin on the surface of 8.3, containing 0.2 mM each dNTP, 1.5 mM MgCl2, 50 mM KCl,
tumor cells was found to induce matrix metalloproteases 100 ng of each primer, and 1 unit of Taq DNA polymerase. Thirty
in surrounding nontumorous mesenchymal cells (Biswas et cycles of PCR were performed at 937C for 60 s, at 577C for 60 s,
and at 727C for 30 s. For screening of F1 mice with a homologousal., 1995). Furthermore, through studies on basigin expres-
recombined DNA, Neo primers were used: forward, 5*-GTGTGGT-sion, this molecule has been suggested to be involved in
TTTGCAAGAGGAAG-3*; reverse, 5*-CCTGCGTGCAATCCAT-regulation of immune responses. Basigin is a leukocyte acti-
CTTG-3*. Wild-type DNA gave no band, while the recombinedvation antigen which is expressed in phytohemagglutinin-
DNA gave a 300-bp band. For screening of F2 mice, basigin primersactivated T blasts and is more strongly expressed in periph-
were used: forward, 5*-TGGCCTTCACGCTCTTGAGC-3*; re-eral granulocytes from patients with rheumatoid arthritis
verse, 5*-GCCTCATCTCTAAGATCACT-3*. The wild-type DNA
than in those from normal subjects (Kasinrerk et al., 1992). gave a 300-bp band and the recombined DNA gave a 1400-bp band.
As basigin is expressed in various embryonic and adult For genotype analysis of preimplantation embryos, an embryo was
tissues, we expected that it should have hitherto unex- suspended in 30 ml of H2O, boiled for 10 min, and then 15 ml of
pected functions and produced knockout mice lacking the the extract was directly used for PCR analysis.
basigin gene (Bsg) to examine its function from a more gen- Southern blot analysis. PCR products or restriction endonu-
clease-digested DNA samples were fractionated by electrophoresiseral viewpoint. Analysis of the knockout mice showed that
through 0.8±1.0% agarose gels, transferred, and cross-linked tobasigin is indeed an important molecule in peri-implanta-
Hybond-N membranes (Amersham). The membranes were hybrid-tion development and spermatogenesis.
ized with appropriate probes, which were labeled with [32P]dCTP
using random primers. The blots were washed with 21 SSC, 0.1%
SDS at 557C for 10 min and then with 0.11 SSC, 0.1% SDS at
557C for 1 h.MATERIALS AND METHODS
After BamHI digestion and hybridization with an external probe
(3* probe, 950 bp), the homologously recombined DNA gave a 9-
kb band, while the wild-type DNA gave a 20-kb band (Fig. 2b).Construction of a targeting vector. MC1neo (polyoma virus
After BamHI/HindIII digestion and hybridization with an internalthymidine kinase gene promoter and neomycin resistance gene),
probe (5* probe, 200 bp), the recombined DNA gave a 3-kb band,PGK (phosphoglucokinase gene promoter), and DTA (diphtheria
while the wild-type DNA gave a 11-kb band (Fig. 2a).toxin fragment A gene) were from pMC1neo poly(A) (Stratagene,
Northern and Western blot analyses. Northern blot analysisLa Jolla, CA.), Dr. T. Kodama and Dr. S. Aizawa, respectively.
was performed as previously described (Kadomatsu et al., 1993).MC1neo, PGK, and DTA were inserted into Bluescript KSII/ (Stra-
RNAs were transferred to nylon membranes and then hybridizedtagene) at SalI, EcoRI/PstI, and SmaI/BamHI sites, respectively, to
with a 32P-labeled probe corresponding to a fragment of basigingenerate a basic targeting vector for positive±negative selection.
cDNA (nucleotides 1±891).In a targeting vector to delete 0.2 kb in a portion of Exon 1 and
Intron 1 of Bsg (EcoT141±XhoI sites, Fig. 1), a 1.2-kb BglII/EcoT141 Triton extracts of the membrane fraction were prepared, and
fragment was used as the 5* arm and a 6.4-kb XhoI/SacI fragment Western blot analysis was performed as described (Miyauchi et
as the 3* arm (Fig. 1). These Bsg fragments were derived from cloned al., 1990).
Bsg of BALB/c mice (Miyauchi et al., 1995), which has extensive In situ hybridization. A fragment of basigin cDNA (nucleo-
tides 1±891) was inserted into Bluescript KSII/ (Stratagene) at the
SmaI site. Sense and antisense probes were prepared using appro-
priate combinations of restriction enzyme-digested templates andfered saline; PCR, polymerase chain reaction; PGK, phosphogluco-
kinase gene promoter. RNA polymerases (sense, EcoRI and T7 RNA polymerase; anti-
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FIG. 1. Targeting strategy for the disruption of Bsg. The structure of part of Bsg, the Bsg targeting construct, and the predicted structure
of the targeted Bsg locus are shown. Only relevant restriction sites are indicated. B, BamHI; Bg, BglII; ET, EcoT14l; H, HindIII; S, SacI;
X, XhoI. The numbered closed boxes represent exons. The boxes indicate the positions of the respective 5* and 3* probes used to detect
homologous recombination. Closed arrows show the internal PCR primers for MC1neo, and open arrows show the external primers.
sense, BamHI and T3 RNA polymerase). Antisense and sense 2 min), the mice were perfused and ®xed with 10 ml of ice-cold
4% paraformaldehyde in phosphate-buffered saline (PBS). Theprobes of midkine were the same as those described by Kadomatsu
et al. (1990). Digoxigenin-II±UTP-labeled single-stranded RNA uterus was removed and further ®xed in 4% paraformaldehyde in
PBS overnight at 47C. Regions where Evans blue color remainedwas prepared using a DIG RNA labeling kit (Boehringer-Mann-
heim). The RNAs were treated with 40 mM NaHCO3, 60 mM were separated, dehydrated, and embedded in paraf®n for further
microscopic examination.Na2CO3, pH 10.2, for 50 min at 607C to generate shorter fragments
with an average length of 150 bases. After ethanol precipitation, Immunohistochemical analysis. Frozen sections of 4% para-
formaldehyde-®xed anterior pituitaries of the homozygous mutantthe products were dissolved in 50 ml H2O, 20 units of RNase inhibi-
tor, and 50 ml of deionized formamide and then stored at 0807C and wild-type mice were incubated at 47C overnight with rabbit
anti-human luteinizing hormone (LH) b-chain antibody (DAKO-until use. In situ hybridization was performed as described (Hirota
et al., 1992). Japan, Kyoto, Japan) diluted 1:500 with PBS. After washing in PBS,
the sections were incubated at room temperature for 1 h with ¯uo-Histological analysis. Specimens from wild-type and mutant
mice were ®xed in 3.8% buffered formalin and embedded in paraf- rescein isothiocyanate-labeled goat anti-rabbit IgG antibody (Seika-
gaku Kogyo, Tokyo, Japan) diluted 1:100 with PBS. The sections®n. Sections were cut at a thickness of 5 mm and stained with
hematoxylin and eosin. For stage analysis of germ cell differentia- were washed in PBS and then examined under a ¯uorescence micro-
scope. Control sections were incubated with nonimmune rabbittion, testes of both wild-type and mutant mice were removed and
minced into small pieces. The tissues were ®xed with 2.5% glutar- serum instead of anti-LH antibody.
aldehyde/0.1 M phosphate buffer, pH 7.4, at 47C for 3 h and subse-
quently with 1% osmium tetroxide/0.1 M phosphate buffer, pH 7.4,
at 47C for 1 h. They were dehydrated with ethanol and embedded in
RESULTSepoxy resin. Semithin sections were stained by toluidine blue.
Embryos. Blastocysts were cultured as described by Ozawa et
al. (1985). Transfer of blastocysts to the uterus of a foster mother Targeted disruption of the basigin gene in ES cells and
was performed as described by Hogan et al. (1994). For staging of mice. The basigin gene (Bsg) is located on mouse chromo-
embryos, noon on the day of vaginal plug was taken as Day 0.5. some 10 (Simon-Chazottes et al., 1992), and the coding
Detection of decidual reaction. Sites of decidual reaction in region is distributed over 7 exons (Cheng et al., 1994; Miy-
early postimplantation, which were characterized by increased vas- auchi et al., 1995). We deleted about 200 bp of a portion of
cular permeability, were determined by means of Evans blue stain-
the ®rst exon, which corresponds to the signal sequence,ing. Brie¯y, after the mice were anesthetized with nembutal, the
and a portion of the ®rst intron by replacement with thethoracic cavities were opened, and 0.5 ml of a 2% solution of Evans
neomycin resistance gene employing the positive±negativeblue in saline was directly injected into the left ventricle of the
selection strategy (Fig. 1). The deletion of signal sequenceheart. Once Evans blue circulated completely, con®rmed by blue
color change of the nose and tail (usually this took approximately will hinder extracellular localization and the deletion of an
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TABLE 1
Genotypes of Offspring and Embryos Derived from
Heterozygous Parents
Number
Stage /// //0 0/0 (%)
Blastocysts
Natural mating 11 21 10 (23.8)
Superovulation 20 32 16 (23.5)
E8.5 17 30 4 (7.8)
E10.5 18 38 7 (11.1)
E12.5 16 36 4 (7.1)
E17.5 14 26 3 (7.0)
Newborn micea 108 227 21 (5.9)
Adult mice 108 227 12 (3.5)
Note. ///, //0, and 0/0 indicate wild type, heterozygote, and
homozygote as to the targeted basigin gene.
a The genotype was determined for the mice that died before
adulthood, and the value was combined with that obtained for the
adult mice.
FIG. 2. Southern, Northern, and Western blot analyses to demon-
strate the deletion of Bsg. (a) Southern blot analysis after BamHI/
HindIII digestion. The internal probe was used. DNA was isolated in the 129 background gave a similar result: among 33
from parental ES cells (D3) and clones after selection. (b) Southern offsprings, 11 were Bsg (///), 21 were Bsg (//0), and only
blot analysis after BamHI digestion. The external probe was used. 1 was Bsg (0/0).
DNA was isolated from D3, a positive clone and a tail biopsy speci-
These abnormally low values prompted us to examine themen. (c) Northern blot analysis. Ethidium bromide staining is
genotypes of embryos derived from heterozygous parentsshown at the bottom for comparison. The major basigin mRNA
(Table 1). About one-quarter of the blastocysts examinedwas below 18S. Other bands were considered to be differentially
were Bsg (0/0), as expected for Mendelian segregation.processed basigin mRNA in these organs. (d) Western blot analysis.
The molecular masses of basigin from the testis and that from There were no morphological differences between Bsg (0/
the uterus (an arrowhead) were different because of differences in 0) blastocysts and those with other genotypes (data not
glycosylation (Kanekura et al., 1991). Basigin disappeared from both shown). Thus, Bsg (0/0) embryos developed normally dur-
the testis and uterus in the mutant mice. ing the preimplantation stages (Day 0±Day 4.0). We further
examined in vitro development activity of blastocysts. The
embryos derived from crosses of heterozygotes outgrew tro-
phoblasts as ef®ciently as the wild-type embryos (Table 2).
intron donor site will result in abnormal splicing. Homolo- There was also no difference in outgrowth of the inner cell
gous recombination occurred in 1 of 164 ES clones exam- mass to form an egg cylinder-like structure (Table 2). How-
ined as revealed by Southern blot analysis (Fig. 2a). There ever, on Day 8.5 of gestation, Bsg (0/0) embryos constituted
were no gross rearrangements, deletions, or random inte- only 7.8% of the total embryos (Table 1), indicating that
grations of the targeting sequence. Five chimeric mice the most critical period was the implantation and/or early
transmitted the mutation to germ lines, and Bsg (//0) mice postimplantation stages.
were intercrossed to generate Bsg (0/0) mice. Southern blot
analysis of DNA prepared from tail biopsy specimens veri-
®ed that Bsg (0/0) mice were produced (Fig. 2b). Northern
TABLE 2and Western blot analyses con®rmed that basigin mRNA
Comparison of Trophoblast Outgrowth Activity in Vitrowas absent in the testis and cerebrum (Fig. 2c) of the Bsg
(0/0) mice and basigin protein was absent in the testis and
Number of blastocysts
uterus (Fig. 2d).
Bsg (0/0) embryos mainly died in the peri-implantation Resulted in Resulted in
Crosses trophoblast egg cylingerstage. We crossed Bsg (//0) mice to generate Bsg (0/
(genotype of Bsg) Total outgrowth (%) formation (%)0) animals. However, the number of Bsg (0/0) mice that
survived 2 months after birth accounted for only 3.5% of /// 1 /// 50 44 (88.0) 40 (80.0)the total adult offspring (Table 1). While this value was //0 1 //0 73 67 (91.8) 58 (79.5)
obtained from crosses in the C57 BL/6 background, crosses
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FIG. 3. Basigin mRNA expression in the embryo and uterus on Day 7.5±6.5 of gestation. (a±c) Day 7.5 wild-type embryo: a, hematoxylin
and eosin, b, basigin antisense probe; c, basigin sense probe. (d±f) Day 6.5 wild-type embryo: d, hematoxylin and eosin; e, basigin antisense
probe; f, basigin sense probe. (g±i) Day 6.5; in this case the embryo was concluded to be Bsg (0/0): g, hematoxylin and eosin; h, basigin
antisense probe; i, midkine antisense probe. Arrowheads in g indicate giant cells. The arrowhead in h shows the decidua expressing
maternal basigin. The arrowhead in i shows embryonic ectoderm expressing midkine mRNA. Bars, 100 mm.
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FIG. 4. Basigin mRNA expression in the wild-type embryo and uterus on Day 5.5±3.85 of gestation. (a, b) Day 5.5: a, hematoxylin and
eosin; b, basigin antisense probe. An arrowhead in b shows the trophectoderm. (c±e) Day 4.35: c, hematoxylin and eosin; d, basigin
antisense probe; e, basigin sense probe. (f±h) Day 3.85: f, hematoxylin and eosin; g, basigin antisense probe; h, basigin sense probe.
Arrowheads show the endometrium. The mesometrium is located near the bottom of the ®gures.
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TABLE 3 factor (Kadomatsu et al., 1988; Muramatsu, 1993), and the
Genotypes of Periimplantation and Early Postimplantation mode of expression in this period extends the results of
Embryos Derived from Crosses of Bsg (//0), as Determined by previous in situ hybridization studies (Kadomatsu et al.,
Expression of Basigin mRNA Using in Situ Hybridization 1990). The total number of Bsg (0/0) embryos comprised
only 1.7% (Table 3), while 7.0±11.1% were Bsg (0/0) in
Number of cases
later stages (Table 2). This is probably due to a smallerDay of
number of embryos analyzed in Table 3 and inclusion ofgestation /// or //0 0/0 No decisiona
some Bsg (0/0) embryos into the undecided group.
7.5 15 0 0 In experiments summarized in Table 3, we also surveyed
6.5 16 1 3 sites with decidual reaction by histology in combination
5.5 20 0 1 with Evans blue staining. All sites with decidual reaction
4.7 7 0 0
appeared normal and we did not detect any empty lumen
with decidual reaction. In a case when a Bsg (0/0) embryoa Genotype was not determined due to high background in the
control staining using the sense probe. implanted (Figs. 3g±3i), the number and invasion of giant
cells, which are derived from trophoblasts and are necessary
for proper implantation (Rugh, 1968), were not different
from those derived from Bsg (///) embryos, indicating that
once the Bsg (0/0) embryos implanted at least some of theThe above result was obtained by analyzing Bsg (0/0)
embryos of C57 BL/6 background. A similar result was later implantation processes proceeded normally.
Taken together with the observation that the Bsg (0/0)also obtained, using Bsg (0/0) embryos of 129/SV back-
ground; on Day 8.5 of gestation, Bsg (0/0) embryos con- embryos developed normally until the blastocyst stage,
these results indicated that the critical stage when Bsg (0/stituted 6.7% of total embryos derived from crosses of
Bsg (//0) mice. 0) embryos became abnormal was around the time of im-
plantation.Abnormalities of Bsg (0/0) embryos occurred around the
time of implantation. To de®ne the stage when Bsg (0/0) To con®rm the importance of basigin in implantation,
we performed embryo transfer experiments. Upon transferembryos became abnormal, we used in situ hybridization
analysis. In early postimplantation embryos, whose geno-
type was dif®cult to determine due to contamination of
maternal tissues, in situ hybridization to detect basigin
mRNA was a suitable way to identify basigin null embryos.
The speci®city of the in situ hybridization reaction was
high, since intense staining was observed in certain regions
using the basigin antisense probe, while the sense probe
was generally unreactive. The speci®city was further con-
®rmed by the observation that brain ventricles of Day 13±
14 wild-type embryos strongly reacted with the basigin
antisense probe, but the same region in Bsg (0/0) embryos
was unreactive (data not shown).
In situ hybridization analysis to determine the genotype
of embryos derived from Bsg (//0) crosses was applied to
Day 4.7±7.5 embryos, since at these stages the wild-type
embryos strongly expressed basigin mRNA as will be men-
tioned in the subsequent section. We found that Bsg (0/
0) embryos poorly survived even at early postimplantation
stages such as Day 5.5 (Table 3).
We encountered only one case in which a Bsg (0/0)
embryo implanted (Table 3, cf. Figs. 3g±3i). In Day 6.5 wild-
type embryos, the embryo proper was reactive with a basi-
gin antisense probe (Fig. 3e). However, in one embryo de-
rived from Bsg (//0) crosses, basigin mRNA was not de-
tected (Fig. 3h); this embryo was identi®ed to be Bsg (0/
0). The Bsg (0/0) embryo proper reacted with a midkine FIG. 5. Basigin null mutant mice were small. The mean combined
antisense probe (Fig. 3i), indicating that general degradation weight of/// (n  10) and//0 (n 10) males is shown by hatched
of mRNA was not the reason for the failure to react with bars (
 
  
 ) and that of 0/0 (n  6) males by closed bars (j). The
the basigin probe. The Bsg (///) embryo gave identical re- number of 0/0 mice per total mice (///, //0, and 0/0; that is,
356) is shown by a line on the upper portion of the ®gure.sults (data not shown). Midkine is a growth/differentiation
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of a total of 86 Bsg (///) blastocysts into the uterus of 6 four-®fths of normal littermates (data not shown). The lev-
els of growth hormone, T3, and cortisol were not signi®-Bsg (0/0) females, only 4 progenies were obtained. Transfer
of 90 Bsg (///) blastocysts into Bsg (///) female resulted cantly different between the wild-type and null mutants,
when examined around 4 months after birth (data notin 41 progenies. The results can be interpreted to show the
involvement of maternal basigin in implantation. shown). Morphology of the brain, kidney, and intestine was
normal in the Bsg (0/0) mice (data not shown).Basigin mRNA expression during peri-implantation
stages. Basigin mRNA expression was closely analyzed in Mutant mice were sterile. After continuous mating
with Bsg (///) or (//0) mice for 3 months, no offspringswild-type embryos and the uterus of Day 3.85±7.5 gestation
(Fig. 3 and Fig. 4). All embryonic tissues examined expressed were born for 12 Bsg (0/0) mice, 6 of which were male. In
the mutant males, we detected no sperm in the testis orbasigin mRNA. The notable observations are as follows. (1)
Basigin mRNA was strongly expressed in the trophecto- the epididymis (Figs. 7b and 7d). In the testis, spermatids
were greatly reduced in number and primary spermatocytesderm of the Day 4.35 (Fig. 4d) and 5.5 embryos (Fig. 4b) and
ectoplacental cone of the Day 5.5 (Fig. 4b), 6.5 (Fig. 3e), and were abundant (Fig. 7b). Thus, basigin turned out to be a
molecule required for spermatogenesis.7.5 embryos (Fig. 3b). (2) The inner cell mass and embryo
proper on Day 4.0±7.5 also strongly expressed basigin We investigated the reason for the spermatogenesis ar-
rest in the mutant mice. Leydig's cells, which producemRNA (Figs. 3b and 3e; Figs. 4b and 4d). (3) The uterine
endometrium on Day 3.85 and Day 4.35 of gestation androgens, were found to be normal upon histochemical
examination (data not shown). The androgen levels in thestrongly expressed basigin mRNA (Figs. 4d and 4g). Espe-
cially the uterine endometrium surrounding the embryo on mutant mice indeed appeared to be normal, since salivary
glands, which are under the control of androgens, showedDay 4.35 showed strong reactivity with the basigin probe.
After implantation, strong reactivity was shifted to the sec- the male staining pro®le and the prostate and seminal vesi-
cles were mature (data not shown). The number and stain-ondary decidua at some distance from the embryo (Figs. 3b
and 3e). The decidua with a Bsg (0/0) embryo also expressed ing pro®le of LH-positive cells in the pituitary gland were
not different between the mutant and wild-type mice (databasigin mRNA at Day 6.5 of gestation (Fig. 3h). Thus, both
the cell populations which interact during implantation, not shown). Therefore, a hormonal abnormality was not
likely to account for the spermatogenesis arrest in the mu-i.e., the trophectoderm and the uterine endometrium, ex-
pressed basigin mRNA around the time of implantation, tants. Sertoli cells, which are involved in spermatogenesis,
were also morphologically normal (data not shown). Inwhich occurs on Day 4.5 of gestation. The mode of basigin
mRNA expression around the time of implantation is con- agreement with these observations, basigin mRNA was
strongly expressed in spermatocytes and spermatids in thesistent with the phenotype of Bsg (0/0) embryos and the
results of embryo transfer experiments as described above. testes of wild-type mice, but not signi®cantly in Sertoli
cells (Fig. 7f).Development and growth of surviving mutant embryos
and mice. After the critical stage mentioned above, the Since development in the testis is well understood and
the timing gives critical information, we examined the tes-mutant embryos appeared to develop normally, since the
ratio of the null embryos to total embryos did not change tis of Bsg (0/0) and Bsg (///) mice at intervals during pu-
berty to observe the onset of defects. No differences weresigni®cantly during subsequent postimplantation em-
bryogenesis (Table 1). Among the 21 Bsg (0/0) mice deliv- found in the testis until 3 weeks after birth, when spermato-
cytes differentiate to diplotene primary spermatocytes (Fig.ered, 9 died before 4 weeks after birth. Postnatal death oc-
curred in 2 mice within 1 week after birth and in the other 8a). In the testis 4 weeks after birth, germ cells in Bsg (//
/) mice differentiated to step 11 spermatids (Figs. 8a and7 between 3 to 4 weeks (Fig. 5, upper portion). The re-
maining mice survived until 5 months, when they were 8b). In the testis 12 weeks after birth, the germ cells differen-
tiated to mature sperm (Figs. 8a and 8d). At both stages,killed for analysis. The body weight of the mice which died
between 3 and 4 weeks was only one-third to one-quarter germ cells in Bsg (0/0) mice were mostly arrested at the
metaphase of the ®rst meiosis and degenerated (Fig. 8a).of that of the normal littermates at 3 weeks after birth.
These animals became weak and died. Symptoms before Only a small number of these cells differentiated to step 1
spermatids; they degenerated at this point and no germ cellsdeath include dif®culty in breathing. In all the cases of early
death, the lungs showed histological symptoms of intersti- beyond this stage were found. Before the metaphase arrest,
germ cells looked morphologically normal. Representativetial pneumonia which was considered to be the cause of
death (Fig. 6b). The alveolar septum was thick with evident areas of metaphase arrest are shown in Figs. 8c and 8e.
We also investigated the cause of female sterility. Atcongestion, and lymphocyte as well as granulocyte in®ltra-
tion was observed. Furthermore, the liver of the mutants the light microscopic level, the ovaries of null mutants
appeared normal, containing both the follicles and the cor-was slightly smaller, appeared anemic (Fig. 6d), and micro-
scopically showed vacuolar degeneration (Fig. 6f). pora lutea (data not shown). Injection of pregnant mare
serum and human gonadotrophin induced ovulation in theEven the surviving mice had reduced body weights; the
males weighed about two-thirds of sex-matched normal lit- female null mutants. The uterus and the vagina were histo-
logically normal (data not shown). The number and stain-termates (Fig. 5), and the weight of the females was about
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FIG. 6. Comparison of organs of a mutant mouse which died 3 weeks after birth with those of a wild-type animal. (a, b) Hematoxylin±
eosin staining of the lung. (c, d) Macroscopic view of the liver. (e, f) Hematoxylin±eosin staining of the liver. (a, c, e) ///; (b, d, f) 0/0.
Bars in a, b, e, and f, 100 mm; bars in c and d, 2 mm.
ing pro®le of LH-positive cells in the pituitary gland in the the presence a vaginal plug after mating with wild-type
male mice.female mutant mice were also comparable to those in wild-
type mice (data not shown). These ®ndings indicated that Since Mendelian segregation of Bsg (/) or (0) genes oc-
the null mutants ovulated. We also noted that the female curred in preimplantation embryos after crossing of Bsg (//
0) mice (Table 1), Bsg (0) oocytes should have been fertil-null mutants performed coital behavior, as determined by
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FIG. 7. Histological investigation of male sterility. (a, c) ///; (b, d) 0/0. (a, b) Testis; (c, d) epididymis. (e) Hemotoxylin and eosin
staining of a section adjacent to that in f. (f) In situ hybridization showing the localization of basigin mRNA in the normal adult
mouse testis. In the Bsg (0/0) testis, spermatids were greatly reduced in number and primary spermatocytes (arrows) were abundant.
Bars, 100 mm.
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8819 / 6x37$$8819 02-16-98 13:04:32 dbas
162 Igakura et al.
FIG. 8. Comparison of spermatogenesis in the testis of Bsg (///) and Bsg (0/0) mice. (a) Overall pro®le. Bars (¿ or ‰)) represent the
stages through which spermatogenesis proceeds normally, and hatched arrows (r) represent those in which degenerated cells are often
observed and/or only a few cells at the corresponding cells are observed. ¿, Bsg (0/0); ‰, Bsg (///) mice. The staging of spermatogenesis
is based on Russell et al. (1990). (b) Seminiferous epithelium from a 4-week-old Bsg (///) mouse. Stage 10 spermatids (an arrowhead) and
meiotic metaphase cells (arrows) were seen in the seminiferous tubule. Top is the lumen and bottom is the base of the epithelium in all
the pictures in this ®gure. Bar, 10 mm. (c) Seminiferous epithelium from a 4-week-old Bsg (0/0) mouse. Leptotene (arrows), pachytene
(arrowheads), diplotene (double arrows), spermatocytes and metaphase cells (double arrowheads) were found. However, germ cells with
further differentiation were not found in this tubule. Bar, 10 mm. (d) Seminiferous epithelium of the testis from a 12-week-old wild-type
mouse. Pachytene spermatocytes (arrows), step 2±3 spermatids (arrowheads), and step 14 spermatids (double arrows) were found in the
seminiferous tubule. Bar, 10 mm. (e) Seminiferous epithelium from a 12-week-old Bsg (0/0) mouse. Germ cell differentiation from
pachytene spermatocytes (arrows) through meiotic metaphase cells (a small arrowhead) and secondary spermatocytes (a double arrowhead)
up to step 1 spermatids (triple arrows) was observed. However, further differentiation was arrested. Degeneration of a metaphase cell (a
large arrowhead) and a secondary spermatocyte (a double arrow) can be seen. Bar, 10 mm.
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ized with Bsg (/) sperm. The embryo transfer experiment such a molecule is embigin (Ozawa et al., 1988; Huang et
al., 1993), another member of the Ig superfamily with over-mentioned in the previous section indicated the importance
of basigin on the mother's uterine endometrium in implan- all homology to basigin (Miyauchi et al., 1991). Embigin is
strongly expressed in both the embryo proper and extraem-tation. Although further studies are needed, the most likely
explanation for the observed Bsg (0/0) female sterility is bryonic structures in early postimplantation embryos (Hu-
ang et al., 1990).lack of implantation of blastocysts.
Basigin is required for the reproduction by both sexes. In
particular, the role of basigin in spermatogenesis has been
clari®ed to a certain extent. In the testis of Bsg (0/0) mice,DISCUSSION
spermatogenesis was mostly arrested at the metaphase of
the ®rst meiosis. Knockout mice de®cient in Hsp 70-2 alsoGene targeting experiments revealed important functions
of basigin in development and reproduction. First, basigin showed male sterility, and the abnormality was also at the
stage of meiosis (Dix et al., 1996). Abnormalities in stagesis involved in early embryogenesis, notably around the time
of implantation. Embryos lacking the basigin gene devel- of meiosis have been identi®ed as the key event in male
infertility of many patients (Micic et al., 1981; Hembree etoped normally throughout preimplantation stages (Day 0±
Day 4.0). Trophoblast outgrowth and development of the al., 1988). It will be extremely interesting to examine
whether there are abnormalities in basigin expression ininner cell mass also appeared normal upon in vitro culture
of Bsg (0/0) blastocysts. However, the majority of the mu- patients with male infertility. The reason for female steril-
ity of Bsg (0/0) mice is less clear, while available evidencetant embryos died before Day 8.5. Further analysis indicated
that development was arrested earlier, probably before Day suggests that the critical defect is in the uterine endome-
trium to facilitate implantation of embryos.4.7: in crosses of Bsg (//0), few Bsg (0/0) embryos were
observed between Day 4.7 and Day 7.5. In these experi- An important question is the molecular mechanism of
the action of basigin in development and reproduction.ments, we observed no empty uterus cavities with decidual
reaction. These results indicated that Bsg (0/0) embryos Since basigin belongs to the Ig superfamily, a homophilic
interaction between basigin molecules or heterophilic inter-died before induction of decidual reaction, supporting the
idea that basigin is involved in a feto±maternal interaction action with other members of the Ig superfamily can be
readily imagined as the basis of its action. The homophilicduring implantation. In situ hybridization analysis provided
data clearly supporting this hypothesis: strong expression interaction of basigin on the surface of trophectoderm cells
with that on the surface of uterine endometrium may in-of basigin mRNA was detected in the inner cell mass, troph-
ectoderm, and tissues derived from them in Day 4.35 to deed be a critical step in implantation. Phenotypes of Bsg
(0/0) embryos and Bsg (0/0) female mice and distribution7.5 embryos. Basigin mRNA was also detected in uterine
endometrium and decidua at 3.85±7.5 days of gestation, of basigin as revealed by in situ hybridization are all consis-
tent with this view. Furthermore, in ligand blot experi-raising the possibility that basigin on the trophectoderm
and the molecule on the endometrium interact with each ments, basigin was found to react with basigin itself and a
60-kDa protein, supporting the possibility of homophilicother during implantation. All the available evidence thus
suggests that basigin is involved in implantation processes. interaction (Miyauchi et al., manuscript in preparation).
Basigin may also interact with integrin, since members ofThe mechanisms of implantation are only partially un-
derstood due to technical dif®culties in analysis (Cross et the Ig superfamily such as L1 and ICAM-1 interact with
integrins (Rothelin and Springer, 1986; Ruppert et al., 1995).al., 1994). Among the various cell adhesion molecules, only
b1 integrin has been shown to be important in peri-implan- As various cells lacking basigin will become available from
the null mutant mice described here, in vitro experiments,tation embryogenesis (FaÈssler et al., 1995; Stephens et al.,
1995). However, the step required for b1 integrin appears especially transfection of basigin cDNA into cells lacking
the protein, can be performed to answer these importantto be shortly after implantation. Therefore, to the best of
our knowledge, basigin is the ®rst candidate cell-surface questions.
Using the knockout mice reported herein, we also exam-molecule directly involved in implantation. Some Bsg (0/
0) embryos survived the critical peri-implantation stage ined some other phenotypes of adult Bsg (0/0) mice (Iga-
kura et al., 1996). The population of peripheral lymphocytesand became adults. Furthermore, null females into which
Bsg (///) embryos were transferred could support the ges- was normal, but we observed an accelerated mixed lympho-
cyte reaction in Bsg (0/0) lymphocytes (Igakura et al.,tation, though to a much lesser extent than wild-type fe-
males. One possibility is that implantation succeeds in 1996). This phenomenon may be related to the etiology of
pneumonia frequently observed in infant Bsg (0/0) mice.some of these cases because only one animal in the implan-
tation partnership is null. However, to rigorously test the The blood±brain barrier of Bsg (0/0) mice appeared to be
normal (Igakura et al., 1996), although basigin has been re-possibility is dif®cult because of the sterility of Bsg (0/
0) males. The other possibility is that another molecule ported to be a marker antigen of the blood±brain barrier in
chicken (Seulberger et al., 1990). While studies using anti-compensated for the loss of basigin in Bsg (0/0) females
or in Bsg (0/0) embryos. The most obvious candidate for basigin antibody indicated that basigin is involved in glial
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geted gene disruption of Hsp 70-2 results in failed meiosis, germcell±neuron interaction, the brain morphology of Bsg (0/
cell apoptosis and male infertility. Proc. Natl. Acad. Sci. USA0) mice was normal. However, the mutant mice showed
93, 3264±3268.abnormal behaviors in particular to irritating odor (Igakura
Doetschman, T. C., Eistetter, H., Katz, M., Schmidt, W., andet al., 1996). This abnormality may be due to defects in
Kemler, R. (1985). The in vitro development of blastocyst-derivedneural network formation, as a result of impaired neural±
embryonic stem cell lines: Formation of visceral yolk sac, bloodglial interactions (Fadool et al., 1993).
islands and myocardium. J. Embryol. Exp. Morphol. 87, 27±45.
In basigin, an Ig domain near the transmembrane domain Fadool, J. M., and Linser, P. J. (1993). 5A11 antigen is a cell recogni-
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domain and MHC Class II b chain, which is a C domain in avian neural retina. Dev. Dyn. 196, 252±262.
(Altruda et al., 1989; Miyauchi et al., 1990). The V and C FaÈssler, R., and Meyer, M. (1995). Consequences of lack of b1 inte-
domains are only remotely related, but are believed to have grin gene expression in mice. Genes Dev. 9, 1896±1908.
evolved from a common ancestral gene (Williams and Bar- Fossum, S., Mallett, S., and Barclay, A. N. (1991). The MRC OX-
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Hirota, S., Ito, A., Morii, E., Wanaka, A., Tohyama, M., Kitamura,through duplication of a motif (Bourgois et al., 1975). The
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tor and its ligand in the brain of adult rats: An analysis using inother cases the Ig domain consists of a single exon (Cheng
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